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The spatial organization of the vegetationcomponentsmaking up a forest canopies,
including needles,leaves,branchesand stems,has important connectionsto the way
forestsfunction asecosystems.Examplesof thoseconnectionsarethedependenceof: 1)
the quality of animalandplant habitat on the volumeandheterogeneityof living space
within forest stands,2) microclimateconditionslike temperatureandhumidity on stand
closure and the sizeand frequencyof gapswithin the forest, 3) the balanceof energy,
carbondioxide and water vaporfluxes with the lower atmosphereon the topographyof
the outer canopyand total canopysurfacearea. Characterizationof canopystructure is
difficult to accomplishon the ground, being laboriousand limited in extent, and is a
major challengefor traditional remotesensingtechniques,particularly for forests with
moderate to high biomass. We evaluatethe capabilitiesof lidar altimetry, a remote
sensingtechniquerecently developedat GoddardSpaceFlight Center,to quantitatively
characterize the vertical structure of closed-canopy,broadleaf forests such as those
typical of the deciduousforestsof the easternUnitedStates. Lidar, anacronymwhich
standsfor Light DetectionandRanging,utilizesatransmittedlaserpulseandrecordsthe
intensity of laserenergyreflectedback from a targetasafunction of time. In this study
methodsaredevelopedto derivethe vertical densityof plant surfaceareafrom the laser
energy reflectedfrom the canopysurfacesandunderlyingground. Lidar altimetry data
wasacquiredby anairborneinstrumentreferredto asSLICER(ScanningLidar Imagerof
Canopies by Echo Recovery) for four standsin easternMaryland. The standsare
representativeof typical forestsin anagesequencefrom very young to old-growth and
exhibit a largevariation in vertical structure. Observationsof canopyvertical structure
collected from the ground are compared to the SLICER results. Good agreement
betweenthe two approachesindicatesthat theyareeachproviding anaccuratedepiction
of canopystructure. Unlike thelimited groundobservations,however,theSLICERdata
can be usedto constructprofiles through theforeststandsat 10m horizontalresolution
that portray the vertical density of vegetation. The profiles reveal important spatial
variationsin verticalstructure,suchastheheightandroughnessof thecanopytop andthe
location andextentof canopystoriesandgaps.Thisnewmeasurementcapabilitywill be
implementedon a global basisby the VegetationCanopyLidar mission,scheduledfor
launch in 2000.
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1.0 ABSTRACT

Lidar altimeter observations of vegetated landscapes provide a time-resolved measure of

laser pulse backscatter energy from canopy surfaces and the underlying ground. Airborne

lidar altimeter data was acquired using the Scanning Lidar Imager of Canopies by Echo

Recovery (SLICER) for a successional sequence of four, closed-canopy, deciduous forest

stands in eastern Maryland. The four stands were selected so as to include a range of

canopy structures of importance to forest ecosystem function, including variation in the

height and roughness of the outer-most canopy surface and the vertical organization of

canopy stories and gaps. The character of the SLICER backscatter signal is described and

a method is developed that accounts for occlusion of the laser energy by canopy surfaces,

transforming the backscatter signal to a canopy height profile (CHP) that quantitatively

represents the relative vertical distribution of canopy surface area. The transformation

applies an increased weighting to the backscatter amplitude as a function of closure through

the canopy and assumes a horizontally random distribution of the canopy components.

SLICER CHPs, averaged over areas of overlap where lidar ground tracks interesect, are

shown to be highly reproducible. CHP transects across the four stands reveal spatial

variations in vegetation, at the scale of the individual 10 m diameter laser footprints, within

and between stands. Averaged SLICER CHPs are compared to analogous height profile

results derived from ground-based sightings to plant intercepts measured on plots within

the four stands. The plots were located on the segments of the lidar ground tracks from

which averaged SLICER CHPs were derived, and the ground observations were acquired

within two weeks of the SLICER data acquisition to minimize temporal change. The

differences in canopy structure between the four stands is similarly described by the

SLICER and ground-based CHP results, however a Chi-square test of similarity

documents differences that are statistically significant. The differences are discussed in

terms of measurement properties that define the smoothness of the resulting CHPs and
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canopypropertiesthatmayverticallybiastheCHPrepresentationsof canopystructure.The

statisticaldifferencesaremostlikely dueto themorenoisycharacterof the ground-based

CHPs,especiallyhigh in thecanopywhereground-basedsightingsarerareresultingin an

underestimateof canopysurfaceareaandheight,andto departuresfrom theassumptionof

horizontalrandomnesswhichbiastheCHPstowardtheobserver(upwardfor SLICER and

downward for ground-basedCHPs). The results demonstratethat the SLICER

observationsreliably provide a measureof canopy structurethat revealsecologically

interestingstructuralvariationssuchas thosecharacterizinga successionalsequenceof

closed-canopy,broadleafforeststands.
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2.0 INTRODUCTION

Characterization of canopy structure is a major challenge in remote sensing, particularly for

moderate to high biomass forests. Remote sensing approaches to measuring canopy

structure (reviewed in Weishampel et al., 1996) depend strongly on the electromagnetic

wavelength used and the sensor's spatial resolution. Passive, visible to mid-infrared

optical sensors rely on solar illumination reflected mostly from the outer canopy surface.

The intensity of the reflected signal is dependent on numerous, intermixed factors some of

which relate to structure (i.e., composition, geometry and density of canopy components)

and some of which are unrelated (background composition, solar illumination and sensor

view angles, and atmospheric transmittance). These sensors have been found to be

insensitive to changes in biophysical parameters for moderately high to high-biomass

systems. The problem is perhaps best exemplified by the abundant research on remote

sensing of leaf area index (LAI) and biomass. Numerous publications reveal the limitations

of passive optical images in estimating these variables, with useful results applying only to

the lower half of the range over which these parameters vary (e.g., Sader and Joyce, 1990;

Spanner et al., 1990; Lathrop and Pierce, 1991; Nemani et al., 1993; Chen and Cihlar,

1996).

The longer wavelengths used by active synthetic aperture radar (SAR) polarimetry systems

enable remote sampling of structure throughout a greater depth of vegetation canopies

(Ulaby et al., 1986). The intensity and polarization of the reflected radar signal are related

to structural attributes of the canopy, but are a function of complex, wavelength-dependent

scattering interactions with foliage, branches, trunks and the ground (e.g., Sun and

Ranson, 1995). In addition, like passive optical systems, radar polarimetry is insensitive

to biophysical parameters at moderate to high-biomass levels (e.g., Le Toan et al., 1992;
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Dobson et al., 1995; Ranson et al., 1997; Imhoff, 1995).

offers a potentially powerful new method to remotely

characteristics. Whereas SAR polarimetry is primarily

Active SAR interferometry

characterize canopy height

sensitive to the shape and

orientation of canopy components, SAR interferometry is primarily sensitive to the spatial

distribution of radar scattering elements within the canopy (Treuhaft and Moghaddam,

1998). However, interferometry methods to date have depended on assumptions about, or

independent knowledge of, canopy structure and/or ground topography in order to derive

vegetation height information from the interferometric phase data (Hagberg et al., 1995;

Treuhaft et al., 1996; Askne et al., 1997; Cloude and Papthanassiou, 1998; Dammert and

Askne, 1998; Rodriguez et al., In Review).

A new class of instruments, referred to here as lidar altimeters, developed at NASA's

Goddard Flight Space Center (Bufton, 1989; Bufton et al., 1991; Blair et al., 1994; 1999;

Garvin et al., 1998) have demonstrated a potential to greatly improve remotely sensed

estimates of important aspects of canopy structure. These devices measure the vertical

distribution of canopy structure using the principles of laser altimetry. The capability of

traditional laser altimeters, which measure a single or several discrete ranges to a target, is

expanded by recording the laser backscatter amplitude with very high temporal resolution.

The approach yields a measure of the height distribution of illuminated surfaces within the

laser footprint. Recent work has demonstrated that this measure can be used to accurately

predict the total biomass of specific stands (Lefsky, 1997; Lefsky et al., 1999; Means et

al., 1999) and the variability of forest structure (Lefsky et al., In Press) over a large range

of biomass. In this paper, the measurement principles of lidar altimeters as applied to

canopies and a validation of their ability to measure the height distribution of closed-

canopy, broadleaf forests are presented.
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Our interest in measuring canopy structure is motivated by the close relationship of many

critical aspects of forest ecosystem function and structure to elements of canopy structure,

defined as "the organization in space and time, including the position, extent, quantity, type

and connectivity, of the aboveground components of vegetation" (Parker, 1995).

Examples of important connections between function and structure are the dependence of:

1) the quality of biotic habitat on the volume of living space and stand heterogeneity, 2)

stand microclimate on stand closure and gap sizes and frequency, and 3) the balance of

energy and material fluxes with the lower atmosphere on the topography of the outer layer

and total canopy surface area. The structure of the outer canopy has important functional

implications, but the organization of the internal layers below the outer surface is likely

even more important because it defines the distribution of a large surface area that

exchanges gases (e.g., CO 2 and water vapor), absorbs and transmits radiation, and drags

and diverts wind. Information on canopy structure has proved important for understanding

the physiological activity of the entire canopy (Hollinger, 1989; Ellsworth and Reich,

1993), interception and retention of precipitation (Gash, 1979), radiation (Monsi and

Saeki, 1953; Monsi et al., 1973; Brown and Parker, 1994), and atmospheric pollutants

(Hicks et al., 1991), and the competitive interactions between forest trees (Horn, 1971).

Brtinig (1970; 1983) argued that the efficiency of ventilation and radiation absorption are

strongly influenced by canopy structure. Surface irregularities may affect air exchange

between canopy and overlying atmosphere (Meneti and Ritchie, 1994), and induce local

wind patterns (Lowman and Wittman, 1996).

Canopy structure can also be a powerful predictor of conventional measurements of stand

structure. At the most basic level, differences in stand development are reflected in the

mean and maximum height of the canopy (Lefsky, 1997; Lefsky et al., 1999; Means et al.,

1999). However, even for stands of similar height, the physical structure of canopies can

vary considerably as a result of differences in the local importance of various mechanisms
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of forest succession, disturbance, and environmental factors (Spies and Franklin, 1991).

The effects of these processes may be discernible from subtler features of canopy structure,

such as the height variability of the upper canopy surface and the volume of empty space

within the canopy. These features of canopy structure have recently been used to predict

aspects of stand structure such as the mean and standard deviation of stem diameter at

breast height (DBH), the density of high DBH stems, and separate estimates of the basal

area of shade-tolerant and shade-intolerant species (Lefsky et al., In Press).

Applications using canopy structure to assess forest ecosystem function or predict stand

attributes are rare because existing ground-based approaches for measuring relevant aspects

of canopy structure tend to be inexact, slow or highly averaged spatially. For example, the

foliage height profile (MacArthur and Hom, 1969) provides information about the spatially

averaged vertical distribution of leaf area, usually summarizing this characteristic over a

large area of vegetation. This approach requires a large effort and is therefore usually only

justifiable for whole-stand characterization. Though this approach provides valuable

information on canopy structure (e.g., Aber, 1979; Aber et al., 1982; Hedman and

Binkley, 1988; Parker et al., 1989; Brown and Parker, 1994) its typical use characterizing

stand averages yields little information about the spatial variation of canopy structure.

The limitations of laborious ground methods and indirect, non-unique remote sensing

techniques have restricted the use of structure observations in the study of canopies.

Analysis of the backscatter signal recorded by lidar altimeters provides a compelling

alternative for characterizing canopy structure. Because the technique rapidly and

accurately measures the actual quantity of interest (i.e., height) in a direct and simple way it

is better suited to measuring canopy structure than traditional ground-based or image-based

approaches.
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3.0 OBJECTIVES

The objectives of this work are to describe the general principles of the lidar altimeter

method and to document the characteristics, validate the performance, and demonstrate the

capability of an airborne lidar altimeter referred to as SLICER (Scanning Lidar Imager of

Canopies by Echo Recovery). SLICER, developed at NASA's Goddard Space Flight

Center (GSFC), is a scanning version of a profiling system that was explicitly designed to

measure the vertical structure of forest canopies and the topography of the underlying

ground surface (Blair et al., 1994). The specific objectives of this work are to: 1) describe

the character of the raw SLICER backscatter signal, 2) present a method for transforming

the raw signal into a canopy height profile (CHP) that quantitatively represents the vertical

distribution of canopy components, 3) assess whether the measurements reveal,

reproducibly, ecologically interesting variation in vegetation structure, and 4) test the

similarity of the derived canopy height data to analogous measurements made from the

ground in closed-canopy, broadleaf forest stands.

The description and validation of the SLICER canopy measurements given here provides

the framework for the use of SLICER data in studies of forest canopy structure, including

the work of Harding et al. (1994; 1995), Lefsky (1997), Lefsky et al. (1998; 1999; In

Press), Harding (1998), Drake and Weishampel (1998), Means et al. (1999), and

Rodriguez et al. (In Review) and for future studies. The principles developed here also

apply to canopy lidar data being acquired by the airborne Laser Vegetation Imaging Sensor

(LVIS) and to be acquired by the spaceborne Vegetation Canopy Lidar (VCL). LVIS is a

wide-swath, mapping system developed at GSFC that has superceded SLICER (Blair et

al., 1999). VCL, scheduled for launch in 2000, will sample canopy height and structure

over approximately 5% of the Earth's land surface between _+67° during its 18 month

mission (Dubayah et al., 1997).

8
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4.0 BACKGROUND

Theinstrumentandmethodwedescribeevolvedfrom traditionallaseraltimeters.Systems

employinga simplerangingapproachhavebeenusedsince the early 1980's to define

canopyheightsby measuringtheelevationof theoutermostcanopysurfaceand, in some

cases,theelevationof theunderlyingground. This is accomplishedby determiningthe

round-triptraveltimefor thefirst and/orlastdetectedreturnof a short-durationlaserpulse.

Theserangingaltimetersystemsdefinetheenvelopeof spaceboundedby the canopytop

andtheunderlyingground.Theyemploysmalllaserfootprintswith a diametertypically in

therange0.1 to 1 m, initially in aprofile but more recentlyusing scanningsystemsthat

imagenarrowswathson theorderof 100's of metersin width. Suchaltimetriccanopy

heightshavebeencorrelated,with varying accuracies,to a varietyof vegetationattributes

includingtreeandstandheight(Schreieret al, 1984;Nelsonet al., 1984;Ritchieet al.,

1995;Naesset,1997a;MagnussenandBoudewyn,1998;Magnussenand Eggermont,In

Review), timber volumeand forestbiomass(Macleanand Krabill, 1986;Nelsonet al.,

1988a;1988b;1997;Nelson,1994;Naesset,1997b),speciescomposition(Schreieret al.,

1985;Jensenet al., 1987),andcanopycover (Nelsonet al., 1984;Ritchieet al., 1992;

1995;1996;Weltz et al., 1994).Thesedatahavealsobeenusedto determinepropertiesof

vegetationnoteasilymeasuredotherwise,includingaerodynamicroughnesslength(Meneti

andRitchie, 1994),fractalscaling(Pachepskyet al., 1997;PachepskyandRitchie, 1998),

andcanopycomplexity(ParkerandRuss,In Review).

Thefirst applicationin a studyof forestcanopiesof anairbornelidar altimeter,recording

thetime-resolvedamplitudeof thebackscatteredlaserpulse,wasdescribedby Aldred and

Bonnor (1985). They evaluatedthe performanceof a lidar system developed for

bathymetricwaterdepthsoundingin orderto assessits ability to measureforest canopy

characteristics.Theyestablishedthe system'sability to determinestandheight, closure,

andtype(hardwood,softwood,or mixed)for temperateforeststandsin easternCanada.

9
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They found that the system measured stand height to an accuracy of + 4.1 m with a 95 per

cent confidence and that crown cover density was correctly classified in 20 per cent classes

62 per cent of the time. They concluded the measurements did not provide significant

information on forest cover type. Nilsson (1996) evaluated a similar system, concluding

that the lidar measurement underestimated mean height for pine stands in Sweden by 2.1 to

3.7 m. They also showed that a lidar prediction based on backscatter duration and

amplitude was linearly correlated with stand volume up to the maximum volume observed

(260 m3/hectare). Spaceborne lidar altimeter techniques have been successfully

demonstrated by the Shuttle Laser Altimeter (SLA, Garvin et al., 1998), an experiment

intended to test hardware and algorithm approaches from orbit. SLA yields a measure of

the total vertical roughness within 100 m diameter footprints which has been interpreted as

canopy height in areas of low topographic relief (Garvin et al., 1998).

5.0 LIDAR ALTIMETER WAVEFORM CONCEPT

The lidar waveform is a record of the amplitude of backscattered laser energy received as a

function of time (Figure 1). Unlike traditional lidar where returns from the entire

atmospheric column are recorded at low vertical resolution, lidar altimeter systems record

reflections only from the Earth's surface (in the absence of clouds). The return signal is

recorded at very high vertical resolution, thus providing a finely resolved measure of the

vertical distribution of illuminated surface area within the footprint, including plant area

throughout the vegetation canopy. Where laser energy penetrates to the canopy floor and is

reflected back to the receiver a measure of canopy height is obtained for that laser pulse

from the travel-time between canopy top and ground reflections. Note that the laser energy

decreases with depth through the canopy due to occlusion (reflection and absorption); less

transmitted laser energy per unit area penetrates into the canopy with increasing depth. The

amount of occlusion at a specific depth into the canopy is dependant on the amount of

canopy area encountered higher in the canopy.

10
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Theintensityof thereceivedbackscatterreturnat a givendepthin thecanopydependson

the amountof laserilluminationpenetratingto thatdepthand on the reflectivity of the

interceptedsurfacesatthewavelengthof thelaser.Also,becausethespatialdistributionof

laserenergyis notconstantacrossalaserfootprint,thehorizontalorganizationof reflecting

surfaceswith respectto the laserenergyspatialdistribution affects the intensity of the

return(Blair andHofton, 1999). In summary,thetimehistoryof backscatterenergyis a

measureof theverticaldistributionof illuminatedsurfacearea,projectedin thedirectionof

the laser vector, weightedby thereflectanceof the surfacesat the monochromaticlaser

wavelengthandthespatialdistributionof laserenergyacrossthefootprint.

It is importantto notethat thereceivedlaserenergyreflectedfrom thesurfaceconsistsof

returnsdue to singleandmultiplescatteringevents. Singlescatteringeventsconsistof

photonswhich encounteronly one surfaceand which are reflecteddirectly back to the

receiverat0° phaseangle(parallelilluminationandview angles;i.e., hot spotorientation).

Multiplescatteringeventsarecomprisedof photonsthatencountermorethanone surface

beforebeing reflectedback to the receiver,as canbe the casefor laserenergy that is

transmittedthroughfoliageand subsequentlyis reflectedfrom anothersurface. Laser

energyreflectedfrom thegroundconsistsof singly-scatteredphotons,wherea gapextends

throughtheentirecanopyto thegroundin thedirectionof the transmitpulse, as well as

somefractionof multiply-scatteredphotons. The pathfor multiply-scatteredphotonsis

longerthanthestraight-linepathbetweeninstrumentandtarget(thesinglescatteringpath)

and thus thosephotonsappeardelayedin the waveformcomparedto singly-scattered

photons.The amountof delaydependson the distancebetweenscatteringeventsand is

thusa functionof clumpingof thecanopyelements.Themagnitudeof the signaldue to

multiplescatteringdependson thenumberof photonsscatteredbackoutof the canopyat lY

phaseangle. A recentsturdy by Blair and Hofton (1999) comparinghigh-resolution,

11
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small-footprint laser returns to return waveforms from a large-footprint lidar altimeter

reveals no discernable multiple scattering contribution to the backscatter signal from dense,

multi-layered, wet rainforest canopies in Costa Rica.

The relative strength of the canopy and ground retums provides information on canopy

closure. We use the term canopy closure to mean the fraction of plant area per unit area,

projected along the direction of the transmitted laser pulse. It is equal to one minus the gap

fraction. The cumulative height distribution of canopy energy, normalized by the total

return energy, is a relative measure of canopy closure as a function of height (Figure 1 ).

The measure is relative because the reflectance of the surfaces encountered at 0 ° phase

angle, at the wavelength of the transmitted laser pulse, determines the return signal strength

from each surface, along with the range to the target and atmospheric transmission.

Independent knowledge of the average reflectance of the canopy and ground surfaces

within the laser footprint is necessary to convert the cumulative distribution to an absolute

measure of canopy closure. The cumulative distribution also makes the simplifying

assumption that only single scattering events contribute to the return signal.

6.0 SLICER CHARACTERISTICS

The SLICER airborne lidar altimeter system consists of a ranging component and ancillary

instrumentation for geolocation. The ranging component consists of a laser transmitter,

scan mechanism, receiver telescope, detector, timing electronics, waveform digitizer, and

an instrument control and data collection system. The ranging instrumentation is

augmented by an inertial navigation system for precise determination of laser beam

pointing, GPS receivers for differential, kinematic determination of aircraft position, and

video equipment for image documentation of the ground track. Integration of the ranging

data with laser beam pointing and aircraft position yields a position and elevation for each

laser pulse return with respect to a geodetic reference frame. Details of the instrument and

12
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its operating characteristics pertinent to this work are described in Harding et al.

Review).

(In

Several aspects of the SLICER design make it a powerful tool for characterizing canopy

vertical structure. The combination of a very narrow transmit pulse and a high-speed

detector results in exceptional vertical resolution of approximately two-thirds of a meter,

allowing closely spaced canopy layers and the underlying ground within each footprint to

be distinguished in the backscatter return. Use of a very high-speed digitizer to sample the

detector output results in a non-aliased waveform record of backscatter energy that has

extremely good vertical sampling (11 cm), necessary for full analysis of waveform

structure. SLICER evolved from a profiling lidar altimeter, originally described by Bufton

et al. (1991) and subsequently enhanced by Blair et al. (1994), by the addition of a

scanning mechanism. By scanning the laser footprints across the flight path a narrow

swath results which provides cross- and along-track data from which information on

canopy heterogeneity and ground slope beneath the canopy can be inferred. SLICER

employs a higher power laser than is typical used by airborne laser altimeters that enables a

significantly higher flight altitude (up to 8 km), yielding larger footprints (nominally 10 m

but as large as 70 m) that are contiguous or even overlapped. The larger footprints fully

illuminate the canopy, providing a measure of average canopy structure that avoids the

sampling bias inherent to the spaced data points of small footprint altimeters. The canopy

in these large footprints typically contains some openings at nadir to the ground thus

consistently yielding a ground return and enabling a measure of vegetation height for each

laser pulse. In addition, the high flight altitude minimizes the variation in footprint size and

received backscatter energy caused by changes in ranging distance due to topographic

relief, thus simplifying data interpretation. Accurate pointing and position knowledge and

associated geolocation software (Vaughn et al., 1996; Hofton et al., In Press), enable

accurate determination of the location of each footprint so that the lidar data can be directly

13
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correlated with ground observations and georeferenced remote sensing images. SLICER's

control systems and operational modes were designed to be flexible so that the effect of

variations in footprint size, spacing and vertical sampling on characterization of canopy

structure could be evaluated. Specific acquisition parameters used for this study are listed

in Table 1.

Several implications of the instrument characteristics, described in detail in Harding et al.

(In Review), are significant for proper use of the SLICER data. First, the laser

illumination across the swath is not uniform and thus canopy structure across the swath is

sampled unequally. The pattern of circular, approximately contiguous footprints that each

have a radial, Gaussian distribution of laser energy yields a swath illumination that is

analogous to an egg carton (Figure 2). Second, the backscatter amplitude recorded in the

waveform is not an absolute measure of reflected laser energy due to varying atmospheric

transmission and an uncalibrated transfer function between optical energy received by the

instrument (i.e. backscattered photons) and the resulting digital count amplitude in the

waveform. The transfer function varies spatially across the swath and temporally, on

multiple time-scales, as operating conditions and instrument parameters vary (Harding et al,

In Review). Thus, the amplitudes of waveforms can not be compared in an absolute sense.

The waveform is most properly used as a relative measure of the height distribution of

backscattered energy within an individual footprint.

Third, SLICER utilizes a threshold detection scheme to define the range to the first detected

target within a footprint. Therefore, the detection of the canopy top requires that sufficient

backscatter energy be received exceeding the detection threshold. The backscatter intensity

depends on intercepted area and the near infrared (NIR) reflectance of the intercepted

surfaces at 0° phase angle. Thus SLICER's ability to detect the canopy top, and the

resulting derivation of canopy height, depends on the geometry of the outer canopy surface

14
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andthereflectivityof thecomponentsmakingup theouter surface. For example,narrow,

erectconifertips with relativelydarkneedlesatNIR wavelengthsare lesseasilydetected

thanaconcentrationof NIR-brightdeciduousleavesforming a well defined,umbrella-like

crown top. Dependingon thesecanopycharacteristics,the SLICER measurementof

canopyheightcanbebiasedlow by varyingamountscomparedto theouter-mostcanopy

surfaceand,thus,stand-specificcalibrationsof canopyheightmeasurementsarenecessary.

7.0EXPERIMENTDESCRIPTION

The validation of the SLICER measurementsof canopy structure is based on the

transformation of the raw waveform record into a canopy height profile (CHP) using a

method that accounts for the occlusion effect inherent to the lidar technique. The SLICER

derived CHPs are then compared with ground-based, manually-observed height profiles

for four forest stands of diverse structure. The ground-based approach is only appropriate

for measurement of spatially-averaged characterizations of whole-stand vertical structure.

Therefore, the validation is based on comparison of whole-stand structure using coincident

ground and lidar data averaged over the same spatial scale. This validation is

straightforward in that it compares the same type of observations (i.e., distributions of

intercept distance). Furthermore, the observations from both SLICER and the ground are

transformed to the canopy characteristic of interest (i.e., height profiles of vertical

structure) using the same, simple methodology to account for the occlusion effect common

to both sets of observations.

7.1 Study Sites

Work was carried out in four closed-canopy stands of very different vertical structure that

represent stages in a successional sequence. They are separate stages of the "tulip poplar"

association (Brush et al., 1980; Eyre, 1980), a mixed deciduous forest with overstory

dominated by Liriodendron tulipifera. Specific stands were selected that have been the

subject of previous studies of forest development and structure (e.g., Parker et al., 1989;
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Brown andParker,1994).Threestandsarewithin 5km of eachother,atthe Smithsonian

EnvironmentalResearchCenter (SERC, 38°53'N, 76°33'W), about 10 km SSE of

Annapolis,MD on the westernshoreof ChesapeakeBay (Figure 3). They include:a

young standwith a narrowunimodalcanopy,an intermediate-agedstand with a broad

unimodalcanopy,andamaturestandwith abimodalverticalleafareastructure.The fourth

site isold-growthforest20km to thewest(76°46'W,38°54'N),known locallyastheBelt

Woods,thathasatall bimodalstructure.

Theyoung,intermediate-age,andmaturestandswerepreviouslydescribedby Brown and

Parker(1994)wherein the appendixthey are referredto as 'crnb', 'kph4', and 'twrc',

respectively. The young and intermediate-age stands developed after abandonment of a

corn field and a pasture 13 years and approximately 40 years, respectively, prior to the

collection of the data used in this study. The intermediate-age and mature stands are located

within a forest at SERC for which a comprehensive stem map has been produced. The

roughly square stem map area is approximately 600 m x 600 m in size. A grid system,

referenced to the Maryland State Plane coordinate system, has been established with

markers every 100 m. A meteorological flux tower is also located within the stem map

area.

In each of the four selected sites stems greater than 2.0 cm DBH (vines, shrubs and trees)

were measured, identified and classified for health in rectangular plots in 1995. The total

area sampled ranged from 0.06, 0.1, 0.503, to 0.3 ha in the young, intermediate-aged,

mature, and old-growth sites, respectively. The largest trees in each plot were cored with

an increment corer and stand age was estimated as the number of rings in the oldest

individual. The leaf area within each stand was measured by converting autumnal litterfall

mass to leaf area. Leaves were retrieved from litter collectors from summer's end through

the fall abscission period of 1995 at least once every other week to minimize decomposition
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in the collectors. Leaves were sorted by species, dried to 60°C, and weighed. Species leaf

areas were obtained from leaf masses using species-specific equations (e.g., Parker et al.,

1989). One-sided leaf areas were summed by species to yield total collector leaf areas.

Leaf area index was obtained as the leaf area collected divided by the total collector

aperture. All the stands are completely deciduous. Details about the stand structure are

given in Table 2. Stem information for the mature site comes from Parker et al. (1989) and

LAI for the young and intermediate-aged sites from Brown and Parker (1994).

7.2 SLICER Data Acquisition

SLICER data was acquired for the four study sites on September 7, 1995 utilizing a T-39

Sabreliner jet based at NASA's Wallops Flight Facility, located near Chincoteague, VA.

The canopies were fully leaved at this time, with no senescence having yet occurred (Parker

and Tibbs, In Review). Latitude and longitude positions for the sites were preprogrammed

in a real-time GPS flight navigator, enabling the aircraft pilots to fly transects that crossed

the sites. A rosette pattern composed of six lines was flown across the large SERC stem

map centered on the meteorological flux tower (Figure 3). The headings of the six flight

lines were separated by 60 °, yielding 12 radii extending outward from the flux tower.

Aircraft roll caused local perturbations of the data ground tracks, up to several hundred

meters off the flight track. One line each was flown across the young and old growth

stands.

Each laser footprint was separately geolocated following the methods first described in

Vaughn et al. (1996) and subsequently mondified by Hofton et al. (In Press). The

accuracy of the SLICER geolocation at the footprint-scale was confirmed by a laser

footprint located at the known position of the flux tower within the SERC stem map. The

waveform for that footprint was inferred to include a return from the tower by the presence

of a unique, distinctive, and anomalously high structure extending above the canopy top
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equalto theknown heightof thetower (Figure3). The positionof the SLICER swaths

wasalsoconfirmedby comparingtime-stampedvideoframesof thegroundtrack, acquired

in-flight andco-alignedwith the lasertransmitbeam,to canopyfeaturesin thefield (e.g.,

dominantcrownsandgaps).ThehorizontaloffsetbetweentheSLICERgroundtracksand

theSERCstemmapreported,andcorrected,in Lefskyetal. (1999)is thoughtto bedue to

a referenceframediscrepancyintroducedduringseparatetransformationsof the two data

setsto theUTM projection. Thosetransformationswerenot usedhereas they were not

necessaryfor this study.

Transectsof rawwaveformreturnamplitudes,like thatshownin Weishampelet al. (1996),

wereexaminedto identify segmentsof uniform backscattercharacterwithin eachof the

four studysites. For the intermediate-agedandmaturesiteswithin the SERCstem map

grid, thefield locationof the uniform segmentswasestablishedby convertingfootprint

latitudeand longitudeto grid coordinates(WGS-84to MD StatePlane). Lacking field

grids for the young and old-growth stands, the ground location of the uniform SLICER

segments for these sites was established using the video records. Distinctive variations in

canopy structure at these sites enabled accurate identification of the SLICER ground track

in the field from the altimeter profiles and video records.

7.3 Ground Data Acquisition

The relative vertical distribution of leaf area was measured within two weeks after the

SLICER flight in each stand along the selected lidar ground track segments using the

method of MacArthur and Horn (1969), as modified by Aber (1978) and Parker et al.

(1989). A 200 mm telephoto lens calibrated to measure distances was used to generate a

distribution of the heights of the nearest surface above the observer to within 1 m resolution

(in the old-growth stand, a 400 mm lens was also used for the occasionally very high

leaves). Tree species identity and the type of tissue (leaf, bark, bud, flower, and seed)

were recorded as well as the vertical height of interception. At each observation location
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15 interceptions, arrayed in a 3 x 5 grid inscribed on the telephoto lens, were recorded. A

grid of observation locations was established to systematically sample across the width of

the SLICER data swath (e.g., Figure 4). The total number of interception observations

was 615, 1020, 1260, and 1575 in the young, intermediate, mature, and old-growth sites,

respectively, increasing as a function of stand height in order to provide an approximately

equal number of observations per meter of height.

For this study, the interception observations for all surfaces (foliage and woody surfaces)

were combined and transformed to yield a relative distribution of total plant area as a

function of height (i.e., CHP). It is important to note that this method provides a relative

plant area height distribution; it does not yield an absolute measure of total plant area

(Brown and Parker, 1994). The transformation converts the distribution of intercept

distances to the relative distribution of plant area by weighting the intercept observations in

order to account for the effect of increasing occlusion with distance, following the Aber

(1978) modification of the MacArthur and Horn (1969) method. The magnitude of the

weighting increases with distances in a manner that depends on total gap fraction observed

at nadir, defined by the proportion of clear-sky to interception sightings. The weighting at

a given distance is larger for canopies with smaller gap fraction, accounting for the greater

degree of occlusion in dense canopies. The gap fractions for these closed canopies were all

small: young, intermediate, mature, and old-growth stands were 0.06, 0.05, 0.02, and

0.06, respectively.

8.0 DERIVATION OF SLICER CANOPY HEIGHT PROFILES

In order to derive canopy height profiles from the raw SLICER waveform distributions we

adapted the transformation method applied to the ground-based sightings. Assumptions

regarding canopy uniformity inherent to the transformation of the ground data (Aber, 1978)

also apply to the transformation of SLICER waveforms. The horizontal distribution of

canopy components within a layer is assumed to be random with respect to layers above

19



Lidar Altimeter Measurements of Canopy Structure - Harding et al.

and below. In other words a Poisson distribution is assumed with no horizontal clumping

of canopy components. Also, the leaf inclination distribution is assumed to be constant as

a function of height so that the projected leaf area in the direction of observation (up-

looking from the ground or down-looking for SLICER) is related in a constant way to total

leaf area.

Several additional assumptions specific to the SLICER waveforms must also be made. To

obtain an equivalent parameter to clear-sky sightings, that define gap fraction viewed

upward from the ground, the proportion of ground return to canopy return signal strength

is used. However, in order for this proportion to represent downward-viewed gap

fraction, the ground return signal strength is modified in order to account for any difference

in the average reflectance at 0° phase angle of the ground and canopy at the laser

wavelength. In most circumstances this ratio between ground and canopy reflectance is not

known at the scale of the laser footprints and a value must be estimated. Application of the

method to SLICER waveforms also assumes that the reflectance of the canopy components

is constant as a function of height. Whereas for the ground sightings each canopy intercept

counts equally in the resulting distribution, for SLICER an equivalent surface area

contributes greater return signal as reflectance increases. This assumption inherently

implies that the ratio of woody to leafy surface area and the woody and leafy reflectance are

constant as a function of height. Finally, it is assumed that multiple scattering, causing

lengthened photon travel paths, does not contribute significantly to delayed signal in the

waveform, because either the amount of multiply-scattered photons received in the

backscatter direction is small compared to singly-scattered photons or the magnitude of any

resulting delay is small. Implications for each of these assumptions are considered in the

discussion section.

Applying the above assumptions, a sequence of processing steps transforms the raw

waveform into a CHP (Figure 5), extending the methods reported in Lefsky (1997). First,
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tOimprovethe signal-to-noiseratioof the distributionthe raw digitizer count amplitudes

(Figure5a) aresummedby accumulatingthesignalin adjacentwaveformbins. Here, 6

adjacentbinsaresummed,yieldinga66cmverticalsamplingwhich is approximatelyequal

to theverticalresolutiondefinedby thelaserpulsewidth anddetectorresponse. Next, the

meanandvarianceof thebackgroundnoiseareestablishedusing the final portion of the

waveform, beyond any potentiallast ground return. The mean backgroundnoise is

subtractedfrom thesummeddistributionyieldingsignalabovethenoiselevel (Figure5b).

Negativeresults,wherethevariancein thenoisecausesthewaveformsignalto be lessthan

themeannoise,aresetto zero.

Wethendistinguishthegroundreflectionin thesignalby assumingthatit is the last return

abovenoise. Theendof the lastreturnisdefinedasthe latestsignalabovea thresholdthat

is a multipleof thebackgroundnoisevariance(Figure5b). Thepeakof the last returnis

definedto be the first inflection in signal strengthprior to the end of the last return,

identifiedusingitsfirst derivative.Thestartof thelastreturncannotbeuniquely identified

from the raw distribution becausebackscatterreturn from low vegetationcould be

convolvedin time with thegroundreturn.Therefore,thestartof thelastreturn is identified

basedon thewidth characteristicsof thesystemimpulseresponse.Theimpulseresponse

is the theoreticalsignal recordedfrom a smoothand fiat surfaceand dependson the

convolvedeffectsof pulsewidth anddetectorresponse.The SLICERimpulseresponseis

establishedfrom minimum-widthreturnsfrom watersurfaces.A ratiois determinedfor the

impulseresponsebetweenthewidth from the signalend to peakcomparedto the width

from peakto start.Theobservedend-to-peakwidth of thelastreturn is scaledby this ratio

in orderto definethestartpositionof the last return. This methodaccountsfor anypulse

broadeningof thelastreturndueto slopeor roughnessof thegroundwithin thefootprint.

After automatedidentificationof thelastreturns,theresultsareinteractivelyevaluated,and

modifiedwherenecessary,by examiningtherawwaveform,with the last returnidentified,
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along with profile plots of last return start, peak, and end elevations. Anomalous variations

in elevation or last return width, either along or across the SLICER swath, reveal

improperly identified ground returns that are then manually corrected on the raw waveform.

The amplitude of the identified ground reflection (area under the curve above mean noise) is

scaled to account for the difference between average canopy and ground NIR reflectance at

0 ° phase angle. For this work the ground return amplitude was increased by a factor of two

based on the assumption that the reflectance of the ground, dominantly comprised of leaf-

litter with some bare soil and rare live foliage, was half that of the canopy. A factor of two

was chosen based on typical NIR reflectance spectra of leaf-litter and soil versus deciduous

foliage. However, reflectance data for these specific sites were not available.

Furthermore, measurements of average background and canopy reflectance specific to the

lidar altimeter technique, at 1064 nm and 0 ° phase angle, for closed-canopy, deciduous

forests are not available in published literature. However, the results of this work are

relatively insensitive to potential errors in this reflectance scaling factor, as described in the

discussion.

A cumulative height distribution for the canopy return is then calculated, normalized by the

adjusted total return (canopy + scaled ground), yielding a height distribution of canopy

closure (Figure 5c). The effect of occlusion is corrected by weighting this distribution by

[-In(l-closure)] (MacArthur and Horn, 1969; Aber, 1978), transforming the result to a

cumulative distribution of plant area projected in the direction of the laser beam (Figure 5c).

The cumulative distribution is normalized and converted to an incremental height

distribution, yielding the CHP which depicts the fraction of total plant area per

measurement interval (Figure 5d). The height of the CHP intervals are referenced to the

start of the ground return. Comparing Figure 5a to 5d, one observes that signal at greater

depths into the canopy is proportionally increased by the weighting that accounts for

occlusion. The degree of weighting with depth increases as a function of closure. This
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methodof establishingtherelativeheightdistributionof plantarea,dependingonly on the

relativeamplitudedistributionwithinasinglewaveform,is consistentwith thevarying and

uncalibratedrelationshipbetweenwaveformamplitudeandreceivedbackscatterenergyfor

SLICER. Thereis no dependenceonabsolutebackscatterenergyand no comparisonof

energyamplitudebetweenlasershotsis made.

9.0REPRODUCIBILITYOFSLICERCANOPYHEIGHTPROFILES

As atestof thereproducibilityof theSLICER-derivedCHPs, theresultsat ground track

intersectionsarecomparedfor 6 locationswithin theSERCstemmap(Figure6). At four

locationstwo groundtracksoverlapandattwo locationsthreegroundtracksoverlap. This

reproducibilitytestis anend-to-endcheckof theSLICERsystem,evaluatingtheintegrated

systemcomponents(instrumentation,geolocationmethodology,and CHP processing

algorithms). Five of the intersectionareasoccurentirelywithin the maturestandwith a

bimodalverticalleafareastructure.Oneintersectionis dominantlywithin thematurestand

but partly includesthe intermediate-agestandwith a broad, unimodalvertical structure.

Laserfootprintswithin theareasof overlapwereidentifiedandCHPswerecomputedfor

each. The footprint CHPs within an overlapareafor eachflight line were averaged

together,yieldinganaverageCHPper line. TheaverageCHPs for eachflight line in an

intersectionareaarecomparedin Figure7.

TheCHPs ateachintersectionshow remarkableagreement,with specificfeaturesof the

distributionsconsistentlyreproduced.Eachintersectionareayieldsa bimodaldistribution.

Furthermore,theheightabovetheground,thewidth, the 'peakedness',the amplitudeof

each mode, and the amplitudeand height of the minimum betweenthe modes are

systematicallyreproduced,with only afewminor exceptions(heightof thehighermodeat

thelines2-4 intersectionandamplitudeof the lowermodeat the lines2-3-5 intersection).

Themaximumheightof theCHPsalso agreeto within 1 meteror better, and the initial
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slopeof the distributionfrom themaximumheightto thepeakof theuppermodeis very

uniform,exceptfor the lines2-4 intersection.Someof thefootprintsin theareaof overlap

betweenlines2 and4 resultedinwaveformswhichlackedany recognizablegroundreturn,

probably due to nearlycompleteor completecanopyclosure. These footprints were

excludedfrom the derivationof the averageCHPs, yielding CHPs representingslightly

differentareasthatprobablyaccountsfor thediscrepanciesseenatthis intersection.

Not only aretheCHPsreproducedateachintersection,butvariationsbetweenintersections

arerevealed.The maximumheight,the initial slope,and the height, width, peakedness,

andamplitudeof themodesvary from locationto location. The relativesizeof the lower

modescomparedto the upper modes markedly vary between locations, as does the

amplitudeof theminimumbetweenthe modes. The variations, though in somecases

subtle,aregreaterthanthedifferencesbetweenrepeatCHPsat asingleintersectionlocation

indicatingthatthevariationsarereproduciblydetected.In somecasesthevariationbetween

locationsisoccurringoveraspatialscalethatisonly twoor threetimeslargerthantheover

lap areasfrom which the CHPs were derived. For example,the distancebetween

intersections1-3-4,2-4,and2-3-5is atmost150m (comparedto overlapwidthsof 50 m),

yet differencesareobservedbetweentheselocations,particularlyin amplitudeof the lower

modeandthepeakednessof theuppermode.

We interpretthe SLiCER-derived,averageCHPs to be a measureof canopy vertical

structure. Themaximumheightof eachdistributionis interpretedto be the heightof the

upper-mostdetectedcanopycomponentwithin the sampledarea(i.e., maximumcanopy

height). The upperand lower CHP modesare interpretedto correspondto the canopy

overstoryandunderstory.Theareaof eachmodeis a measureof therelativeplant areaof

the layersand the widths of the modescorrespondto the layer depths. The decrease

betweenthemodescorrespondsto arelativeabsenceof plantareabetweenthe stories(i.e.,
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a midcanopy gap), with the amplitude being a measure of the sparseness within the gap.

The initial slope of the CHP is inferred to be a measure of the ruggedness of the outer

canopy within the sampled area. Flatter slopes correspond to a more planar outer canopy.

The spatial variation observed in the average CHPs is interpreted to be a measure of the

spatial variation of canopy structure. The scale of the spatial variation is revealed in

transects across the four study sites depicting CHP results for individual laser shots along a

single, cross-track beam position within the SLICER swath (Figure 8). The young site,

with a very uniform, unimodal CHP structure, is a narrow stand bounded on the southwest

by a riparian forest and on the northeast by a corn field which had a mature, standing crop

at the time of the SLICER flight (Figure 8a). The riparian forest, bordering a stream

channel, was the site of nitrogen uptake studies conducted by Peterjohn and Correl (1984)

and Jordan et al. (1993). The structure of the stand to the northeast of the corn field was

described by Brown and Parker (1994, Carbon 1 stand) as unimodal and lacking an

understory. The intermediate-age stand has a uniform maximum height and, in general,

consists of a relatively broad overstory and a minor to absent understory (Figure 8b).

However, a 30 m wide section within the middle of the stand consists of a uniformly

distributed CHP throughout the height of the canopy. The ground sampling plot (gsp)

includes both this segment and the more typical, broad overstory structure. The mature

stand is, on average, taller than the intermediate-age stand but has a more variable

maximum height (Figure 8b). The mature CHPs show a bimodal structure with a narrow

overstory, a midcanopy gap, and a pronounced understory. The magnitude and depth of

the understory varies spatially, consistent with the variable understory in the average CHPs

at the intersection areas (Figure 7). The old-growth stand is tall with a variable maximum

height, a relatively narrow overstory, a broad midcanopy gap, and a pronounced but

variable understory (Figure 8c). Significant understory development occurs where 20 to

30 m wide gaps are present in the overstory (at 280 m and 350 m in Figure 8c).
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10.0 COMPARISON OF SLICER AND GROUND CANOPY HEIGHT PROFILES

The validity of the SLICER CHPs was assessed by comparing average SLICER and

ground-based CHPs for the set of SLICER footprints that overlap with the ground

sampling grids at the four study sites. Because the right-most footprints in the SLICER

swath had significantly lower signal-to-noise than the other four cross-track footprint

positions, these footprints were not included in the derivation of the average SLICER

CHPs. The low signal-to-noise for the right-most footprints was probably due to

misalignment between the footprint scan pattern and the receiver field-of-view, described in

Harding et al. (In review). In addition, the central part of the mature site ground sampling

plot, which was crossed by flight lines 2 and 4 (Figure 6), contained some of the footprints

in both flight lines which lacked any recognizable ground return. A composite of non-

overlapping footprints with valid ground returns was created from the two flight lines in

order to derive a CHP that maximized the SLICER coverage across the ground sampling

plot. Ground grid points for the mature site lacking coverage by valid SLICER footprints

were excluded from the ground CHP. A total of 16, 24, 12, and 79 footprints were used

in the derivation of the average SLICER CHPs for the young, intermediate-age, mature,

and old-growth stands, respectively. For each site, the ground and canopy returns were

first summed for all the footprints, referenced in height to the start of the ground return,

prior to computation of the average SLICER CHPs using the methodology described above

for a single footprint. SLICER CHPs were computed with a 1 m vertical binning to be

comparable to the binning of the ground-based CHPs.

Comparisons of the SLICER and ground CHPs are shown in Figure 9. Un-transformed

distributions of vertical interceptions made using the ground observations and of the

vertical distribution of canopy return energy from SLICER (left panels, Figures 9) shows

each datasets' bias towards shorter distances, due to the occlusion effect. Occlusion results
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in a bias towards lower observations in the upward looking ground observations, and a

bias towards higher observations in the downward looking SLICER observations. In

contrast, transformation of the raw data, via the MacArthur-Horn algorithm (center panels,

Figure 9), results in ground and SLICER CHPs whose general features are in agreement.

The stand heights for both the ground and SLICER results increase in successional

sequence from young to old-growth. For the shorter, unimodal young and intermediate-

age stands, both the vertical position and maximum relative plant area in the single

overstory peak is qualitatively in agreement. In addition, the decrease in relative plant area

observed at heights both above and below the peak define slopes in the SLICER CHPs that

are comparable to the ground CHPs. For the taller, bimodal mature and old-growth stands,

the location and width of the understory peaks, a midstory decrease in the relative density

of plant area, and the presence of a broad overstory are all similarly identified in the

SLICER and ground CHPs.

Differences between the SLICER and ground measured CHPs do exist (Table 3). All of

the SLICER CHPs are taller than the corresponding ground CHPs, by between 7 and 12%

(between 2 and 4 m). With one exception, the mean height of the SLICER CHPs was also

higher, by between 5 and 11% (0.9 and 2.2 m). The mean height of the SLICER CHP for

the young plot was 9% (1.0 m) lower than the corresponding ground CHP. For the stands

with a single clearly defined mode (young, intermediate-age) the height of the peaks

(defined as the height at which the fraction of plant area in a height interval is at a

maximum) in the ground and SLICER CHPs are within 3 m of each other. The SLICER

CHPs result in a lower relative plant area at the peak height, underestimating this quantity

by 33% in the young plot and 43% in the intermediate-age plot compared to the ground

CHPs.
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Assessing the SLICER to ground agreement of the two taller, bimodal stands (mature, old-

growth) is more difficult. The overstory of the mature stand is very broad (25 m) and lacks

a single well defined peak in both the ground and SLICER CHPs. Instead, the overstory

in both CHPs is composed of several small sub-peaks. There is good qualitative agreement

between the upper story depth and relative plant area amplitude in the ground and SLICER

CHPs. The understory of the SLICER CHP has two sub-peaks that bracket a single peak

in the ground CHP, and SLICER underestimates the maximum relative plant area of the

understory by 33%. In the old-growth stand, the overstory in the ground CHP is

significantly broader (25 m) and composed of multiple sub-peaks compared to a single-

peaked, narrower (15 m) overstory in the SLICER CHP. The difference in height between

the SLICER and ground overstory maxima is about 5 m. The height of the SLICER CHP

understory peak is about 1 m above the corresponding peak in the ground CHP, and

SLICER estimates the maximum relative plant area of the understory to be 14% less than in

the ground estimate.

The quantitative goodness-of-fit of these two estimates of each stand's CHP has been

evaluated in two ways. First, a root-mean-square difference has been calculated between

the SLICER and ground CHPs for each stand. For comparison, a second RMS difference

has been calculated between CHPs using two subsets of the ground data, made by

separating evenly and oddly numbered ground collection points. For the young to old-

growth succession, SLICER versus ground and ground versus ground RMS differences

are 0.014, 0.012, 0.008, 0.009 and 0.028, 0.020, 0.014, 0.011, respectively. In every

case, the RMS difference between the SLICER and ground data is less than the RMS

difference between the two subsets of the ground data.

To test the statistical significance of these results, a Chi-square goodness-of-fit test was

performed. In order to execute this test, which depends on the number of observations in
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eachdistribution,theCHPvectorshadto be transformedintovectorsof countdata,rather

thanthenormalizedCHPdistributiondata. For thegroundCHPs, vectorsof countswere

generatedby multiplyingtherelativeCHPsby the total numberof groundobservations.

For theSLICERCHPs, a numberof considerationshadto beaddressedbeforea sample

sizecouldbedetermined.Themotivationfor thisdeterminationof samplesize is the higher

statisticalpower,in theChi-squaretest,associatedwith largernumberof observations. If

thenumberof observationsis inflated, a higherprobabilityof rejectionwill be obtained

thanis justified.TheindividualobservationrecordedbytheSLICERsystemis the digitizer

count,which representsanunknownnumberof individualreceivedbackscatterphotons.

Given the largenumberof digitizer-countobservations(>4000abovebackgroundnoise

level)whicharemadeover a 10m footprint, it is likely thateachobservationrepresentsa

smallerareathan is observedby thehumanoperatormakinggroundmeasurements.As a

result, it is probablethat eachground and groundobservationare not equivalent for

statisticalpurposes. Previouswork (Lefsky, 1997) has indicatedthat there was no

statisticallysignificantdifferencebetweenCHPs madeusing a 10% subsetof digitizer

counts from a waveform and CHPs made from all the observationsfrom the same

waveform,indicatingthat,for thepurposesof makingCHPs, SLICERdigitizercountsare

anover-samplerelativeto theamountneededto describethecanopy.

Wefirst testedwhetherCHPscouldbemadeusinga subsetof theSLICERdigitizercounts

whosenumberwasequalto thenumberof groundobservationsfor a site, without theChi-

squaretestdetectinga statisticallysignificantdifferencebetweenthesub-sampledSLICER

CHPs and thosecreatedusing the full waveforms. To createCHPs using the full

waveforms,all SLICER waveformsfor eachstudy site plot were first transformedinto

CHPs and the CHPs were thenaveraged.Then for eachwaveformin eachstand, the

groundreturnwas removed,usingthemethodsdetailedabove,and the resultingvectors

weresub-sampledandall sub-sampleswerethenpooledand then transformedusing the
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MacArthur-Hornmethod.Thenumberof subsamplesfor eachwaveformwasset sothat,

whenthesubsamplesfor all waveformsin eachstandwereaccumulated,theysummedto

thenumberof groundobservationsfor thesamestand.A Chi-squareuneven-sample-size

goodness-of-fittestwas performedto determinewhethersignificantdifferencesexisted

betweenthe CHPs madewith the sub-sampledand full waveforms (Table 4). No

statisticallysignificantdifferencesbetweenthetwo SLICERCHPswerefound.

BecausedifferencesbetweenCHPs created with the full and subsampledSLICER

waveforms were not significantly different, subsampledwaveforms were used for

subsequentanalysisso asto not biastheChi-squareresultswith an inflatedsamplesize.

An even-sampleChi-squaregoodness-of-fittestwasperformedto testwhetherthe ground

andSLICERestimateof theCHP weresignificantlydifferent(Table5). For eachstand,

therewerestatisticallysignificantdifferencesbetweenthetwo estimates.RMS differences

betweengroundandSLICERCHP wererecalculated,usingthe sub-sampledestimatesof

theSLICERCHP. TheRMS valuesweresimilar,but lower, thanthoseobtainedwith the

full setof SLICERdata;the RMS differencesfor theSLICER-groundcomparisonwere

lessthanor equalto thosefor theground-to-groundcomparison.

11.0DISCUSSION

Themajorcharacteristicsof theSLICERandgroundCHPsshow good agreementfor each

standandbothdocumentthe samechangesin structurein the successionalsequencefrom

youngto old-growth,closed-canopy,broadleafforests.Thesegeneralsimilaritiesbetween

complimentary,but differently implemented,measurementsof canopyinterceptdistances

suggestthat both the SLICER and ground CHPs accuratelydepict the basic vertical

structureof thesestands.Furthermore,thecomparisonof averageSLICERCHPsat flight

line intersectionsdemonstratesthat SLICER depictsthe canopy structure in a highly

reproducibleway. Despitethe good generalagreementbetweenSLICER and ground

CHPs,specificaspectsof theCHPsexhibitstatisticallysignificantdifferences,asindicated

30



LidarAltimeterMeasurementsofCanopyStructure- Hardingetal.

bytheChi-squaretests. Thesedifferencesarelikely dueto characteristicsof theSLICER

instrumentand groundsamplingstrategy,and due to differencesin how the methods

interactwith thecanopystructure. Thesedifferencespoint to potentialinaccuraciesin the

methodsandto limitationsin thegeneralityof theseresultsfor otherforesttypes. In the

following sectionswe examinethesedifferencesandevaluatehow they might affect the

comparisonandtheutility of themethods.

11.1MeasurementEffects

SeveralfactorscausethegroundCHPs to be noisierand discontinuouscomparedto the

SLICERCHPs (Table6a). First, the grid of groundmeasurementlocationssamplesa

smallfractionof thecanopywithin thefield plotarea (Figure4) whereasthe SLICER 'egg

carton' illuminationpatternfully samplestheplot, althoughunevenly(Figures2 and 4).

Second, the accuracyof the cameramethod for determiningdistancesto the first

interceptionfalls of rapidly with height (Lefsky, 1997), whereasthe SLICER distances

haveconstantaccuracy(11cm). Third, becauseof thesignificanteffort requiredto make

themanualobservations,thegroundapproachhasonly asmall fractionof theobservations

per CHP comparedto SLICER, resulting in a relativeundersamplingby the ground

method. Fourth, occlusionof farthertargetsby nearerones,a featureof both methods,

causesa reductionof interceptobservationsat greaterdistances(Figure 9), yielding

SLICERCHPsthat arenoisierlow in thecanopyandgroundCHPsthat arenoisierhigh in

thecanopy. However,becausethegroundmethodconsistsof far fewerobservationsthan

SLICER,thiseffectis significantlymorepronouncedfor thegroundCHPs.As eachof the

small numberof overstory ground observationsrepresentsa great deal of leaf area

followingapplicationof theMacArthur-Horntransformation,theresultis a noisy measure

of overstorystructure. Fifth, differencesbetweenthe methodsin the discretenessand

dependenceof theraw observationsarealso reflectedin smoothnessof the transformed

estimatesof canopystructure. SLICERreturnsarecontinuousbut dependent(correlated)
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overaheight resolutionthatis approximatelytwo-thirdsof a meterandthederivedCHPs

are thus also continuousand somewhatsmoothed. The ground interceptsightings are

discreteandindependent,yieldingCHPsthatcanbediscontinuousandstepped.

Theoveralleffectof thesemeasurementproperties,yieldinggroundCHPs thatarenoisier

and discontinuouscomparedto the SLICER CHPs, accountsfor part of the observed

statisticaldifferences.ThegroundCHPsexhibit largevariationsin relativeplantareafrom

bin to bin comparedto the smootherSLICER CHPs, especiallyhigher in the canopy

(Figure9). Thefew groundobservationshigh in the canopy,and resultingempty CHP

bins,accountsfor theconsistentlylowermaximumcanopyheightin thegroundCHPs; the

highestpartof thecanopywas not observedfrom the grounddue to occlusionwhereas

SLICERis mostsensitiveto plantareaatthetopof thecanopy.Thenoisier,undersampled

characterof thegroundCHPsis indicatedby theRMScomparisonsin which the SLICER

CHPsaremorelike thegroundCHPs, in threeof four cases,thanaretheground subset

CHPs to oneanother. Lefsky (1997) showedstatisticalsimilarity betweenthe SLICER

CHPs and smoothedversionsof the ground CHPs basedon Chi-squaretests, further

indicatingthatthestatisticaldifferencesreportedhereare, in part, dueto thecomparatively

noisycharacterof theunsmoothedgroundCHPs.

11.2CanopyEffects

Departuresfrom theassumptionsof canopyuniformity causeheightbiasesin the ground

andSLICER CHPs (Table 6b). Threecanopypropertiesaffect both the ground and

SLICER CHPs. First, horizontallynon-randomdistribution of canopydements(i.e.,

clumping)will bias the two methodsin oppositesenses. Clumping of foliage implies

greaterfoliage-freedistancesthanfor uniformsituations;thatis, laserenergywill penetrate

deeperinto thecanopyfrom theSLICERpointof view,whereasfor thegroundmethodthe

upwarddistanceto thefirst interceptwill be longer. Thus, theassumptionof horizontally
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randomcanopyelementswill causetheSLICERCHPs to bebiasedhigh and the ground

CHPs to be biasedlow for canopieswhich in fact exhibit clumping. Second, leaf

inclinationsfor thesecanopiesarenotuniform asa function of heightbut in fact change

fromnearlyflat (planophile)in thelowercanopyto morevertical(erectophile)in theupper

canopy(Parker,unpublisheddata). This changein leaf inclinationyields fewer ground-

observedinterceptsand lessSLICERbackscatterenergyper unit of total leaf areawith

increasingheightin thecanopy.Both methodsareconsequentlybiasedto lower canopy

heights.

Third, wherethereis muchspatialvariationin maximumcanopyheight("rugosity" in the

senseof ParkerandRuss, In Review),the interceptdistancesof tall canopylocationsare

mixedwith thoseof adjacentshorterareas.For theupwardlooking groundobservations,

this results in a too small weightingof the distantfoliage, and thereforea CHP that is

biaseddownwards.For thedownwardlookingSLICERobservation,the majority of the

energyreturnedto the sensorcomesfrom the uppermostlayer of canopy, whether the

maximumcanopyheightisplanaror variable.In theplanarcanopy,the high powerreturn

comesfrom arelativelyuniform layeratthetop of thecanopy,andthereductionin return

energydueto occlusiondecreasesin ahorizontallyuniform way. In thecaseof variable

maximumcanopyheights,thehighenergyreturnis distributedthroughouttherangeof the

uppercanopysurfaceheight. As a resulttheCHP is biasedin the directionof the mean

plantareaheight. In theseclosedcanopycaseswherethemeancanopyheightis below the

averageheightof theouter-mostcanopysurface,theSLICERCHPis biaseddownwards.

Threecanopypropertiesaffectonly thetransformationof SLICERobservationsto CHPs

(Table 6b). First, the applicationof the MacArthur-Horn transformationrequires an

estimateof thegapfractionto accountfor theocclusionof far surfacesby nearones. In the

ground methodthe gap fraction is determineddirectly by the proportion of clear-sky
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sightings,but for SLICERit dependson separationof thegroundandcanopyreturnsand

scalingthegroundreturn to accountfor NIR reflectancedifferences. Due to the lack of

appropriatereflectancevaluesfor the sites in this study, a canopyto ground reflectance

ratioof two was assumedfor all four sites. Table7 comparesthe ground-observedgap

fractionwith SLICERgapfractionsusingcanopyto groundratiosof 1and 2, andreports

theratio requiredto producea SLICERgapfractionequalto thatobservedby the ground

method. The largerangein requiredratios, from lessthan 1 to greaterthan 2, is not

realisticfor thesesimilarcanopies(closed,deciduous-only)with uniform ground cover

indicating inaccuraciesin the SLICER and/or ground determinationsof gap fraction.

However, for high-closurecanopiesthe derivationof CHPs is relatively insensitiveto

errorsin gapfraction,andthusto errorsin theassumedcanopyto ground reflectanceratio.

Figure 10showsaverageSLICERCHPs for thefour sitescomputedusing ratiosof 1, 2,

and4, correspondingto groundreflectanceequalto, one-half,andone-quarterthatof the

canopy. Theeffecton thedistributionsis minor, but assumptionof a ratioof 2 causesa

smallupwardbiaswhentheratiois in factlessanda smalldownwardbiaswhentheactual

ratio is larger.

A secondcanopyproperty affectingthe SLICER CHPs is the vertical distribution of

canopy reflectance, which is assumed to be constant in the transformation method. Studies

of broadleaf reflectance as a function of vertical position within canopies are rare, with the

few results showing no significant within-species differences between upper and lower

canopy leaves at NIR wavelengths (Middleton et al., 1998; Demarez et al., 1999).

However, NIR leaf reflectance can change with height due to changes in species

composition between stories; Middleton et al. (1998) document an upward increase in foliar

NIR reflectance for three of four boreal forest stand types examined. A likely increase in

the proportion of foliar versus woody surfaces upward through canopies is also likely to

cause canopy NIR reflectance to increase upward (e.g., Huemmrich and Goward, 1997).
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Plant area in SLICER CHPs will be biased high in cases where NIR reflectance increases

upward.

Finally, while the meaning of distance is unambiguous in the ground method, some

SLICER distances may reflect a lengthened photon travel path within the canopy due to

multiple scattering. Any multiple scattering contribution to the waveform will cause the

derived SLICER CHP to be biased low. The canopy undoubtedly causes significant

scattering of the laser radiation, especially due to the high transmittance of deciduous leaves

at NIR wavelengths. However, because the laser beam is highly collimated and the

receiver has a very narrow field of view, we expect a relatively small fraction of the

received backscatter returns to be multiply scattered. The path delay for those returns that

are multiply scattered will depend on the spatial position (i.e., clumping) of the reflecting

surfaces, and may be minor for closely packed foliage. Qualitative observation of

individual, raw SLICER waveforms suggests that increased path length due to multiple

scattering is minor, indicated by the presence of narrow vertical gaps within the canopy

return where backscatter energy decreases to the background noise level and by the absence

of a significant tail of multiply scattered return energy occurring later than the ground

return.

In light of the many possible ways that instrumentation, sampling methods and interactions

with canopy organization can influence the perception of structure through intercept

distance measurements, it is remarkable that the ground and SLICER methods yield CHPs

that are so similar. Either the effects we have listed are all relatively small or in some way

are negatively correlated and cancel each other. It is difficult to ascribe relative importance

to the effects in Table 6b causing potential bias in the CHPs. Because the offset of

SLICER to ground CHP means increases upward as stand height increases (Table 3), it

might be inferred that effects that bias the SLICER results upward and/or the ground
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downward predominate. However, examinationof the ground to SLICER CHP

comparisons(Figure9) showsthatmuch,if notall, of the increasingoffset in the meansis

dueto theincreasingunder-representationof theuppercanopyby the ground methodas

standheight increases.Theunder-representationof theuppercanopyis likely causedby

thedifficulty in observingupper-canopysurfacesfromthegroundandthelow total number

of groundobservations(Table6a), ratherthanby errorsintroducedby the assumptionsof

canopyuniformity (Table6b).

We suspectthat of the canopy properties affecting the derived CHPs (Table 6b) non-

random horizontal clumping is the largest source of error for closed-canopy, broadleaf

forests. Canopies can depart significantly from the assumption of a horizontally random,

Poisson distribution of surfaces. However, a coupled scattering and receiver model

specific to the parameters of the lidar instrument (e.g., collimated, monochromatic, NIR

illumination and very narrow receiver field-of-view) is required to quantitatively evaluate

the effect of each of the canopy properties. An initial model incorporating artificial forest

scenes, composed of individually generated trees, a Monte Carlo ray tracing radiative

transfer model and a SLICER-like lidar receiver was used to evaluate the potential

contribution of multiple scattering path delay to the waveform as a function of canopy

closure (Govaerts, 1995). Results showed larger path delays than are empirically observed

in the SLICER waveforms, possibly due to an underestimate of short-range scattering

events caused by the elimination of closely clumped leaves, twigs, stems and branches

from the target scenes to simplify computations. Refinement of radiative transfer models

incorporating realistic scene and instrument properties is a necessary step to evaluate the

relationship between canopy characteristics and lidar backscatter signals.

11.3 Application of the Results

36



LidarAltimeterMeasurementsofCanopyStructure- Hardingetal.

Therearesomelimitationsin thedomainoverwhichtheseresultscanbe appliedandin the

meaningthatcanbeassociatedwith thederivedstructureinformation. The currenttesthas

beenrestrictedto broadleaf,deciduousforestswith restrictedvariationin cover (> 90%

closure)andoverstoryspeciescomposition. However,within theseconditionswe found

correspondenceof ground and lidar measurementsfor stands of varied biophysical

characteristics(gapstructure,stature,relativedistributionof canopysurface)and we feel

the lidar method will apply generally to closed-canopy,broadleaf forests. Direct

applicationof the CHP methodologyto othersorts of canopiesmay not be appropriate.

Othercanopiescandepartmoresignificantlyfrom theassumptionsof uniformity than the

standswe tested. In particular,open woodlandsand standsof cone-shapedcrowns

stronglydepartfrom theassumptionsof randomhorizontalorganization(noclumping)and

uniformheightof thecanopyoutersurfacewithin the laserfootprint. In addition,theCHP

biasdueto error in thegroundreflectancescalingfactorincreaseswith decreasingcanopy

closurebecauseof greatererrorintroducedin the [-In(I-closure)] transformation weighting

function. An error in scaling factor causes an error in closure which is larger, in an

absolute sense, for open canopies compared to canopies with high closure.

The ecological meaning of the CHP method is closely linked to the scale of the footprint.

In this present case, with a 10 m footprint, the CHP for a laser shot reflects a canopy scale,

not the influence of individual crowns. We do believe the method does provide meaningful

information at the 10 m scale. Although our test strictly compared averages of derived

structures from spatially distributed laser footprints and ground based measurements, it is

unlikely that the average distributions could be similar without a great deal of

correspondence in the components of the average. Furthermore, Figure 8 shows consistent

and understandable variation along CHP transects, which also suggests that the individual

shots have physical reality and ecological meaning.
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It also must be rememberedthat the SLICER CHPs provide not the absoluteheight

distributionof canopysurfaces,but therelativeone;thatis, thefractionof the total plant

areawithin heightintervals.It isnotpossibleto predictthetotalamountof plantareafrom

eithertheground-basedsightingsor SLICERmeasurements(Aber, 1978;Lefsky, 1997).

The total absoluteplant areaof a stand,obtainedby other meanssuch as leaf litter

collections,mustbecombinedwith theSLICERrelativeCHP to yield an absoluteheight

distribution. Furthermore,theSLICERreturngivesno informationon thecharacterof the

reflectingsurfacesin termsof thetypeof tissue(foliageorbark),its state(alive,stressedor

dead),or thespecies. Thetraditionalfoliageheightprofile (Aber, 1978)derivedby the

ground-basedsightingobservations,althoughmanuallyintensiveandthusspatiallylimited,

canbe usedto provide importantinformationon tissue type, state,and species(e.g.,

BrownandParker,1994)not achievedwith the lidar method. Thelaboriousnatureof the

ground observationsdoes limit the number and spatialscale of stands that can be

characterized,and thus only a few standswerecomparedin this work. Validation of

airborneandspacebornelidarobservationswouldgreatlybenefitfrom a field-portable,up-

lookinglaserrangingsystemthancouldrapidlyandaccuratelycharacterizecanopyvertical

structureatmultiplespatialscalesalonglidargroundtracks.

Unlikemanymorefamiliarproductsof remotesensing,SLICERyields neithera mapnor

animage- insteadit providesdetailedverticalinformationalonga linearpath. Along this

transectit provides essentiallyvolumetric information on the distribution of optical

reflecting elements,a sort of information not availablefrom traditional image-based

products.Moreover,this linearsamplinglimitationcanbeovercome:theLVIS instrument

(Blair et al., 1999),theairbornesuccessorto SLICER, hasa broadenedswathwidth, as

wide as 1 km, and significantlyimprovedamplitudecalibrationof the backscatterreturn

energy.
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12.0 CONCLUSIONS

The lidar altimeter instrument and methodology we describe provides information about

canopy vertical structure that is closely related to similar measurements taken from the

ground for the same portion of canopy: it reproduces the overall stature and the height of

the principal modes in the distribution of plant area. In the same forest type the method

distinguishes different canopy structural types, found from a comparison among

developmental stages. Structure is distinguished with a sensitivity on the spatial scale of

the size of overstory trees, as revealed in transects through differing structural types.

Moreover, the method is reproducible: repeat measurements of the same locations give

essentially the same vertical distributions. Together these characteristics validate a system

that obtains information of considerable ecological value about the organization of a major

component of the biosphere.

Although the lidar and ground-based measures of canopy vertical structure similarly

characterize the structural variations between the four stands studied, there are statistically

significant differences between the CHPs for individual stands. These differences are in

part a consequence of the atrributes of the data, with SLICER resulting in smooth,

continous, very well sampled distributions and ground observations resulting in stepped,

discrete, less well sampled distributions. This is especially the case high in the canopy

where ground-based sightings are rare, typically resulting in an underestimate of canopy

surface area and height as compared to the SLICER results. Departure from the

assumptions regarding canopy properties used to transform raw observations to surface

area height distributions may also lead to differences between the SLICER and ground

results. In particular departures from the assumption of horizontal randomness caused by

clumping bias the distributions toward the observer, upward for SLICER and downward

for ground-based CHPs.
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Thesensitivityandspatialresolutionof SLICERmayaid in assessingimportantaspectsof

spatialvariationin vegetation,including gap structure,standcomplexityand structural

diversity. The footprint size (nominally 10 m) was chosento reflect the size of the

characteristiccanopyelement:it is largeenoughto capturethelocalmaximumheightof an

assemblageof treecrownsandyetsmallenoughto reliablydifferentiategroundandcanopy

contributionsto thewaveform. This is an importantscalein forest dynamicsin mature

standsbecauseit is thetypicalsizeof thecanopyholeproducedwhena treefalls. Studies

of thestructureof vegetationat spatialscaleson theorderof 10m havenot, to date,been

possiblewith traditionalremotesensingmethods.
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Table 1. SLICER acquisition parameters for the SERC data set.

Laser wavelength
Average ranging distance to ground

Laser beam divergence

Footprint shape

Average footprint diameter (at 1/e_)

1064 nm (near infrared)

5,200 m
2 mrad

circular

10.4 m

radial Gaussian

5

10.1 m

10.4 m

11 cm

~ two-thirds of a meter
61m

Footprint spatial energy

Cross-track footprints

Average cross-track spacin_

Average along-track spacins;

Vertical samplin_
Vertical resolution

Height range observed

Horizontal _eolocation accuracy

Vertical geolocation accuracy

nominally < 10 m

nominally < 1 m

Table 2. Summary of stand structure for the four study sites used for SLICER validation.

Characteristic

estimated a_e (yr)

stem density (stems/ha)
basal area (m_/ha)

Youn_
13

5683

Site

Intermediate

41

840

Mature

99

1187

Old-srowth
234

1373

34.7 39.7 34.7 60.9

hishest leaf (m) 17 30 36 41

no. of woody species 9 14 19 22
leaf area index (mVm _) 4.21 5.16 5.26 6.77

Table 3. Maximum and mean heights and height differences for ground observed and

averaged SLICER CHPs from the four validation sites.

Site
CHP Maximum Heisht

Ground
Observed

(m)

SLICER

(m)

Ground
minus

SLICER

(m)

Ground
minus

SLICER

(%)

Ground
Observed

(m)

Ground
minus

SLICER

(%)

CHP Mean Hei_;ht
SLICER Ground

(m) minus
SLICER

(m)
10.5 1.0

16.4 -0.9

19.8 -0.9

21.2 -2.2

Youn8 17 19 -2 -12 11.5 9
Inter- 30 32 -2 -7 15.5 -6

mediate

Mature 36 39 -3 -8 18.9 -5

Old- 41 45 -4 -10 19.0 -11

growth
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Table4. Resultsof Chi-square,uneven-sample-size,goodness-of-fittests(95%

confidence)usedto determinewhethersignificantdifferencesexistbetweenaveraged
CHPsfor eachvalidationsitemadewith sub-sampledandfull SLICERwaveforms.

Site Sub-sampled Chi-Square P-Value Chi-Square
SLICER Value Degreeof
Counts Freedom

Young 578 20.1 0.27 17
Intermediate 974 29.9 0.47 30
Mature 879 47.2 0.12 37
Old-growth 1485 28.1 0.96 44

Table5. Resultsof Chi-square,even-sample-size,goodness-of-fittests(95%confidence)

andRMScomparisonsof groundCHPsandaveragedSLICERCHPsfor eachvalidation
site.

Site Chi-Square P-Value Chi-Square Groundvs. Ground vs.
Value Degreeof SLICERRMS GroundRMS

Freedom
Young 103.6 <0.0001 17 0.014 0.028
Intermediate 215.0 <0.0001 32 0.011 0.020
Mature 164.7 <0.0001 39 0.009 0.014
Old-growth 396.1 <0.0001 43 0.011 0.011

Table6a. Measurementpropertiesof thegroundandSLICERdataandresultingeffectson

thenoiselevelandcontinuityof thederivedCHPs.
Measurement
Property

Spatialsampling

DistanceAccuracy

Numberof total
observations
No. of observations
perCHPbin
Intrinsicsmoothing

Ground

uniformpointgrid

5%to 10%of
observationdistance
small

feweratlarger
distances
none,observations
discrete& independent

SLICER

'eggcarton'illum-
ination
constant,11cm

very large,
oversampled
feweratlarger
distances
pulse+ detector=
slidingwindow~ 2/3
m inheight

EffectonCHP
G = ground
S = SLICER
G noisierthanS

G noisierthanS,
esp.high in canopy
G noisierthanS

G noisierhigher
S noisierlower
G discrete,stepped
S continuous,
smoothed
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Table 6b. Canopyeffectspotentiallycausingelevationbiasesin ground and SLICER
CHPs.

CanopyProperty

Non-randomhorizontal
clumping
Leafangleplanophileto
eroctophileupward
Variabilityof canopy
outersurfaceheight
Canopyvs.ground
NIR reflectanceratio
(C/G)

Ground SLICER Effect on CHP

G = ground
S = SLICER

skewed to shorter Skewed to shorter G biased low

distances distances S biased high
Skewed to longer
distances

skewed to shorter
distances

Actual C/G > 2"
Actual C/G < 2 •

G biased low
S biased low

skewed to shorter Skewed to shorter G biased low

distances distances S biased low

not applicable S biased low

S biased high

Canopy NIR reflectance not applicable Skewed to shorter S biased high

increases upward distances
Multiple scattering not applicable Skewed to longer S biased low

distances

Table 7. Ground observed gap fractions (from proportion of clear-sky to total sightings),

SLICER gap fractions (from proportion of ground return to total return energy) for canopy

to ground reflectance ratios (C/G) equal to one and two, and the C/G required for the

SLICER gap fraction to equal the ground observed result.

Site

Young
Intermediate

Mature

Old-growth

Ground
Observed

0.06

0.05

0.02

0.06

SLICER
C/G = 1

0.044

0.022

0.023

0.066

SLICER
C/G = 2

0.085

C/G Required for

Equal Gap Fractions
1.37

0.043 2.34

0.045 0.87
0.123 0.91
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FIGURE CAPTIONS

Figure 1. Illustration of backscatter return energy as a function of travel time (gray shaded

distribution) for a single laser pulse, with the start, peak and end of the ground return

indicated. Travel time is converted to distance based on the speed of light through a

standard atmosphere, yielding canopy height from the distance between the highest detected

canopy top (time interval unit (TIU) stop) and ground return start. The cumulative

distribution of return energy (solid curve), accumulated downward from the canopy top

and normalized, is a measure of canopy closure (not corrected for differences in reflectance

of the ground and canopy).

Figure 2. Perspective views of laser pulse Gaussian energy distribution for a single

SLICER footprint (left) and a 5 x 5 array of footprints (right). The average footprint

diameter in this study, defined where the energy decreases to 1/e 2 (i.e., 13.5%) of the peak

(gray circle, left), is 10.4 m based on a 2 mrad divergence of the transmitted laser pulse and

the average ranging distance to the ground. The 5 x 5 array is composed of footprints with

cross-track and along-track spacing equal to the footprint diameter. In this ideal case, the

energy minima between footprints decrease to 8% of the peaks.

Figure 3. Map of SLICER ground tracks (solid lines) and study sites (triangle: young

stand; square: intermediate-age and mature stands within SERC stem map; diamond: old-

growth stand) southwest of Annapolis on the western shore of Chesapeake Bay.

Figure 4. Sampling geometry for the intermediate-age stand within the SERC stem map

depicting the SLICER swath, composed of 5 cross-track footprints (open circles), and

ground sampling grid (filled circles). The position of the SLICER footprints as shown
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with respectto thegroundgrid is illustrative;therelativepositionaccuracybetweenthetwo

datasetsis approximately10m dueto geolocationuncertainty.

Figure 5. Transformationstepsconvertinga raw SLICERwaveformto a canopyheight

profile: a) raw waveform with 0.11 m samplinginterval for a single laser pulse, b)

waveformabovemeanbackgroundnoisesummedto 0.66 m samplinginterval,andstart,

peak,andendof thegroundreturnidentified,c)cumulativedistributionsof canopyclosure

(solid), assuminggroundreflectancethatis half thatof thecanopy,andtransformationto

projectedplant area (dashed)applying the MacArthur-Horn methodology, and d)

normalized,incrementaldistributionof plantareaaboveground.

Figure 6. Groundtrack mapfor the SLICER flight lines (numbered1 to 6) acrossthe

SERC stem map comprisedof intermediate-age(cross-hatched)and mature (diagonal

pattern)stands,with thegroundsamplingplots outlined(I and M, respectively)and the

locationof theSLICERfootprinton theflux towerindicatedby thefilled circle(T).

Figure 7. SLICER averagecanopyheight profiles per flight line (solid, shaded,and

dasheddistributions)from the areasof overlapat thegroundtrackintersectionswithin the

SERCstemmap.

Figure8. SLICERcanopyheightprofile transectsacross:a) theyoungstandstudysite and

adjacentstands,b) the intermediate-ageandmaturestandswithin the SERC stem map

(flight line 3), and c) the old-growth stand,with groundsamplingplot (gsp) locations

indicated. Canopyheightprofilesarecomputedfor individuallasershotsalonga single,

cross-trackfootprint positionwithin theSLICERswath. Darkergrayshadingcorresponds

to agreaterfractionof plantareawithin a footprint. Thewidth of thegray-scalecolumns

correspondsto the diameterof eachlaserfootprint. The solid, bold line and thin ticks
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indicatetheelevationof the start of the ground returnandthe canopytop, respectively.

Elevationsarereferencedto theWGS-84ellipsoidwhich is 33 m abovemeansealevel in

thestudyregion. Verticalexaggerationis 5:1.

Figure9. Height distributionsfor un-transformedobservations(left panel), incremental

canopyheightprofiles(centerpanel),andcumulativecanopyheightprofiles (right panel)

for thefour studysites. SLICER resultsareshownas solid lines. Ground resultsare

shownasdashedlines in the left and right panels,andas distributionbins in the center

panel. Un-transformedobservationsfor the groundare the interceptsightings and for

SLICERarethesummed,above-groundwaveformamplitudes,with eachnormalized. All

resultsarebinnedat 1m.

Figure10. Effectof groundretumscalefactoron SLICERcanopyheightprofiles. Solid,

shaded,anddasheddistributionscorrespondto scalefactorsof 1, 2, and 4, respectively

(equivalentto anaveragegroundreflectanceat 1064nm and0° phaseangleequalto, one-

half,andone-quarterthatof thecanopy).
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Figure 2.
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